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Genetic evidence of a novel arenavirus species related to but distinct from lymphocytic choriomeningitis virus (LCMV) was obtained from a
rodent belonging to an endemic African subgenus of Mus (Nannomys). The phylogenetic position among Old World arenaviruses of this new
arenavirus, named Kodoko virus, was reconstructed based on L and NP genes sequences. The finding of an Old World arenavirus related to
LCMV outside the known geographical range of LCMV in a novel rodent species reveals new insights about the evolutionary history of
arenaviruses.
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Several arenaviruses are known to cause severe diseases in
humans. Lymphocytic choriomeningitis virus (LCMV) can
cause acute central nervous system disease and congenital
malformations (Barton et al., 1995; Barton and Hyndman,
2000). Lassa virus, and Junin, Machupo, Guanarito and Sabia
viruses are causative agents of hemorrhagic fevers in Africa and
South America, respectively. The reservoir hosts for the
arenaviruses of the so-called New World (Tacaribe) complex
are New World rats and mice (family Muridae, subfamily
Sigmodontinae), with the exception of Tacaribe virus, isolated
from bats on several occasions (Downs et al., 1963). The five
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doi:10.1016/j.virol.2007.02.008Mopeia, and Lassa) are associated with the Old World rats and
mice (family Muridae, subfamily Murinae) (Childs and Peters,
1993). A high level of specificity of arenaviruses for their rodent
host is suggested by different authors, which may result in co-
evolution or at least co-phylogeny (Bowen et al., 1997; Clegg,
2002; Hugot et al., 2001). The prototype member of the Are-
naviridae, LCMV is usually associated with the house mouse
(Mus musculus/Mus domesticus), although Apodemus flavicol-
lis and Apodemus sylvaticus have been reported to be infected
in Europe (Lehmann-Grube, 1971). Due to its natural host,
LCMV has a wide potential geographic range as it may occur in
all regions where M. musculus has been introduced, i.e. all
continents with the exception of Antarctica (Sage, 1981).
Evidence for circulation of LCMV in Africa has been reported
(el Karamany and Imam, 1991). However, the broad serological
cross-reactivity observed between LCMV and other Old World
arenaviruses, and to a lesser extent with New World
arenaviruses, together with the fact that arenaviruses other
than LCMV circulate in different parts of Africa, prevent
drawing definitive conclusions concerning the specificity of
antibodies reacting with LCMV antigens. During a large-scale
screening of rodents for arenavirus infection, we identified a
novel arenavirus, named Kodoko virus, distantly related to but
distinct from LCMV in West Africa in rodents of the subgenus
179E. Lecompte et al. / Virology 364 (2007) 178–183Nannomys, suggesting an unexpected diversity of arenaviruses
in Murinae, and especially in the Mus genus.
Results and discussion
In the course of a survey for rodent-borne viruses, a total of
1591 small mammals were trapped in Guinea, West Africa,
during years 2002–2005 and screened for the presence of
arenavirus genomic material by RT–PCR targeting the poly-
merase (L) gene (Lecompte et al., 2006). Two samples
(designated KD42 and TA777) obtained from two of the 165
investigated pigmy mice (Mus Nannomys spp.) generated PCR
products of the expected 384-bp size, which were sequenced
and attributed GenBank Accession Nos. EF179864 and
EF179865. To confirm these results and further characterize
the virus, additional PCR assays targeting the nucleoprotein
(NP) gene (S-RNA fragment) were performed. They amplified
two PCR products of 643 bp and 847 bp for specimens TA777
and KD42, respectively. Alignment of the two sequences
showed a 384-nucleotide-long overlap which was used for
further analysis (GenBank Accession Nos. EF189586 and
EF189587).
The two PCR-positive mice belonged to the same species
Mus Nannomys minutoides; the determination was achieved
using classical morphometry, and a part of the cytochrome b
gene was sequenced and compared with the other Nannomys
species recognized in the most recent revision of the subgenus
(Veyrunes et al., 2005). The specific determination was
confirmed for one of them (TA777) by the karyotype
established in the field (2n=32, aFN=32, fusion X/1). The
two mice were trapped in January and February 2004 close to
the villages Tanganya (TA777: 10°00′02ʺN; 10°58′22ʺW, edge
of swampy pasture) and Kodoko (KD42: 10°31′14ʺN; 8°58′
58ʺW, open woodland), Guinea.
Both gene sequences were used to compare the sequence
identity between TA777 and KD42 and other selected membersTable 1
Pairwise genetic distances ( p-distance) among Old World arenaviruses and strains b
Amino acid sequence distance (%)
Pirital Pichinde Mobala Ippy Mopeia
(Mozambique)
Mopeia
(AN2041
Pirital – 0.152 0.432 0.440 0.432 0.440
Pichinde 0.255 – 0.424 0.440 0.424 0.408
Mobala 0.396 0.436 – 0.200 0.120 0.120
Ippy 0.438 0.433 0.297 – 0.184 0.176
Mopeia
(Mozambique)
0.441 0.451 0.241 0.281 – 0.024
Mopeia (AN20410) 0.425 0.425 0.231 0.302 0.184 –
Lassa (CSF) 0.436 0.465 0.244 0.281 0.255 0.231
Lassa (AV) 0.428 0.441 0.247 0.304 0.294 0.244
Lassa (Josiah) 0.436 0.457 0.273 0.268 0.252 0.239
LCM (Armstrong) 0.415 0.438 0.318 0.331 0.304 0.294
LCM (WE) 0.407 0.433 0.294 0.341 0.291 0.294
LCM (CH-5692) 0.430 0.430 0.310 0.360 0.304 0.302
KD42 0.409 0.412 0.281 0.299 0.289 0.291
TA777 0.407 0.415 0.289 0.323 0.325 0.336
Nucleotide sequence distance (%)
The distances in boldface are those between and among LCMV strains and Kodokoof the Arenavirus genus, based on nucleotide and amino acid
sequences. Pairwise nucleotide distances between TA777 and
KD42 were 18% and 20% for polymerase and nucleoprotein
respectively (Tables 1 and 2). Of all arenaviruses, LCMV strains
showed the highest similarity to the TA777 and KD42
sequences. Amino acid distances observed between KD42
and TA777 on one hand, and LCMVon the other, were 7–9%
and 24–28% for the polymerase and the nucleoprotein,
respectively (Tables 1 and 2). Compared with the other African
arenaviruses (Lassa, Mopeia, Mobala, and Ippy) these distances
ranged 18–23% and 32–41% for the polymerase and the
nucleoprotein, respectively. The NP and L sequences of KD42
and TA777 were subjected to maximum likelihood (ML) and
neighbor-joining (NJ) phylogenetic analyses together with
homologous sequences retrieved from GenBank. For both NP
and L sequence data, NJ phylograms showed that TA777 and
KD42 clustered together with high bootstrap support suggesting
a common ancestor (Fig. 1). Phylograms performed with the
ML method presented an identical topology (data not shown).
Among Old World arenaviruses, LCMV strains were most
closely related to KD42 and TA777, revealing a cluster
supported by high bootstrap values and clearly distinct from
the African arenaviruses Ippy, Mobala, Mopeia and Lassa
(Fig. 1).
Comparative genetic analysis of sequences obtained from
TA777 and KD42 specimens indicates that these two mice
carried RNA of a novel arenavirus. Whether this novel
arenavirus represents a new species in the genus Arenavirus
must be analyzed by taking in consideration taxonomic criteria
adopted by the International Committee on Taxonomy of
Viruses for the family Arenaviridae. The definition of species in
the genus Arenavirus is polythetic, based on the nature of the
host species (rodent or bat), the geographic distribution, the
existence of human pathogenicity, the antigenic cross-reactivity
and result of cross-neutralization tests and significant amino
acid sequence divergence (Clegg et al., 2000). In the case ofased on polymerase (L) gene nucleotide and amino acid sequences
0)
Lassa
(CSF)
Lassa
(AV)
Lassa
(Josiah)
LCM
(Armstrong)
LCM
(WE)
LCM
(CH-5692)
KD42 TA777
0.440 0.432 0.424 0.392 0.384 0.400 0.368 0.368
0.400 0.392 0.400 0.376 0.384 0.384 0.368 0.376
0.112 0.112 0.128 0.200 0.200 0.208 0.200 0.176
0.160 0.168 0.168 0.264 0.256 0.272 0.232 0.232
0.112 0.120 0.128 0.240 0.232 0.248 0.216 0.200
0.104 0.104 0.112 0.224 0.232 0.232 0.216 0.216
– 0.016 0.032 0.192 0.200 0.200 0.216 0.208
0.220 – 0.016 0.184 0.192 0.192 0.208 0.200
0.194 0.207 – 0.184 0.192 0.192 0.208 0.200
0.289 0.299 0.312 – 0.016 0.008 0.080 0.080
0.270 0.262 0.315 0.126 – 0.024 0.072 0.072
0.281 0.286 0.304 0.142 0.126 – 0.088 0.088
0.315 0.268 0.323 0.228 0.241 0.252 – 0.032
0.315 0.278 0.336 0.210 0.236 0.220 0.178 –
virus.
Table 2
Pairwise genetic distances ( p-distance) among Old World arenaviruses and strains based on nucleoprotein gene nucleotide and amino acid sequences
Amino acid sequence distance (%)
Pirital Pichinde Mobala Ippy Mopeia
(Mozambique)
Mopeia
(AN20410)
Lassa
(CSF)
Lassa
(AV)
Lassa
(Josiah)
LCM
(Armstrong)
LCM
(WE)
LCM
(CH-5692)
TA777 KD42
Pirital – 0.342 0.553 0.526 0.509 0.491 0.535 0.544 0.535 0.482 0.482 0.482 0.500 0.535
Pichinde 0.319 – 0.544 0.535 0.518 0.491 0.509 0.526 0.535 0.500 0.500 0.500 0.535 0.553
Mobala 0.456 0.475 – 0.316 0.219 0.237 0.289 0.307 0.281 0.368 0.360 0.360 0.360 0.351
Ippy 0.458 0.481 0.356 – 0.307 0.289 0.316 0.325 0.316 0.342 0.333 0.342 0.351 0.342
Mopeia
(Mozambique)
0.447 0.464 0.319 0.353 – 0.061 0.228 0.237 0.272 0.342 0.342 0.333 0.333 0.325
Mopeia (AN20410) 0.453 0.469 0.331 0.319 0.197 – 0.219 0.237 0.254 0.325 0.325 0.316 0.325 0.325
Lassa (CSF) 0.428 0.456 0.336 0.347 0.336 0.336 – 0.105 0.105 0.360 0.368 0.360 0.386 0.377
Lassa (AV) 0.469 0.456 0.319 0.350 0.286 0.303 0.214 – 0.079 0.342 0.342 0.351 0.404 0.404
Lassa (Josiah) 0.447 0.447 0.331 0.344 0.336 0.322 0.222 0.217 – 0.368 0.368 0.342 0.395 0.404
LCM (Armstrong) 0.428 0.447 0.361 0.386 0.392 0.350 0.397 0.392 0.375 – 0.061 0.061 0.272 0.281
LCM (WE) 0.447 0.461 0.344 0.386 0.397 0.356 0.411 0.403 0.397 0.150 – 0.070 0.246 0.263
LCM (CH-5692) 0.414 0.456 0.361 0.375 0.386 0.367 0.372 0.375 0.381 0.158 0.172 – 0.263 0.281
TA777 0.436 0.453 0.394 0.383 0.369 0.369 0.342 0.381 0.361 0.292 0.303 0.314 – 0.123
KD42 0.461 0.453 0.372 0.353 0.392 0.369 0.381 0.369 0.378 0.303 0.306 0.303 0.197 –
Nucleotide sequence distance (%)
The distances in boldface are those between and among LCMV strains and Kodoko virus.
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minutoides, were not previously known to host any recognized
arenaviruses. However, additional studies are necessary to
determine whether this rodent species is truly the reservoir for
Kodoko virus. No arenavirus other than Lassa virus was known
to be distributed in Guinea. Human pathogenicity has not been
addressed to date, and antigenic cross-reactivity would require
isolating the virus. Finally, a cut-off value in amino acid
divergence has not been officially established; however,
previous studies suggested that divergence value higher than
12% in the NP gene could be used for genetic discrimination of
species (Bowen et al., 2000). More recently, the analysis of
evolutionary distances upon pairwise comparison has been
demonstrated to be useful for species discrimination based on
genetic data (Emonet et al., 2006). In our study, NP and L amino
acid sequences were used to study the distribution of
evolutionary distances upon pairwise comparison (Fig. 2).
Three groups were distinguished and corresponded to intras-
pecies distances [group I], interspecies distances within Old
World arenaviruses [group II], and interspecies distances
between Old World arenaviruses and the outgroup consisting
of two New World arenaviruses [group III]. In both cases,
distances between Kodoko virus and other Old World
arenaviruses belonged to group II. Data provided here regarding
NP gene partial region were congruent with the proposed 12%
cut-off value (Bowen et al., 2000).
Together, rodent data, geographic distribution and genetic
analyses suggested that Kodoko virus could be considered as a
new species (Kodoko virus, acronym KDKV) within the genus
Arenavirus. Since distances between the two Kodoko sequences
belonged to the intra-species group (group I, Fig. 2), it is
proposed that the two sequences did not represent different
species. This was supported by the fact that KD42 and TA777
sequences were determined from two Mus Nannomys minu-
toides, trapped in the same geographic area. According to thesecriteria, the diversity observed between TA777 and KD42 is
compatible with two genotypes of a single arenavirus species.
During rodent handling, small amounts of blood specimens
were collected for virus studies. The blood was integrally used
to extract RNA for virus detection. Then, no fresh blood was
remaining for virus isolation assay through cell culture or
animal inoculation. After the detection of L RNA, confirmatory
experiments were carried out to detect S RNA sequences. No
RNA left to attempt sequencing of full-length genome. These
results urge to set up a study dedicated to isolate Kodoko virus
in this same region. Future trapping campaigns focusing on
Mus minutoides are therefore to be planned to isolate this new
arenavirus and clarify the question of its pathogenicity for
humans.
Specific rodents are the principal hosts of the arenaviruses.
Humans usually become infected through contact with infected
rodents, or inhalation of infectious rodent excreta or secreta. To
date, nine arenaviruses can infect humans and may cause mild
to severe diseases (Charrel and de Lamballerie, 2002). An
increased knowledge of the eco-epidemiology of arenaviruses
together with their rodent hosts is therefore necessary to better
understand the potential threat represented by arenaviruses for
humans.
The two rodents infected with Kodoko virus belong to the
Mus subgenus Nannomys, endemic in Africa. Whether it is
confirmed that this species is the reservoir of Kodoko virus, this
will fit with the hypothesis of a co-evolution of arenaviruses and
their rodent hosts (Bowen et al., 1997; Jackson and Charleston,
2004; Hugot et al., 2001). In phylogenetic trees of Old World
arenaviruses, a cluster consisting of the viruses Ippy, Mobala,
Mopeia and Lassa is hosted by rodents belonging to the African
Praomys group (Lecompte et al., 2005). A second cluster
comprising LCMV and Kodoko virus corresponds to host
species belonging to the genus Mus, distributed in Eurasia and
Africa (Nannomys subgenus), and Kodoko is the second
Fig. 1. Phylogeny of Old World arenaviruses, with the position of the new arenavirus Kodoko, based on the analysis of partial sequences of the L and NP genes. Trees
were estimated by neighbor-joining method using the MEGA 3.1. software based on the amino acid pairwise distance. Numbers represent percentage bootstrap support
(1000 replications).
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that other arenaviruses are still to be found in the Mus genus or
in the African rodents from the Praomys group, which contains
30–40 species of which only a few have been systematically
examined for arenavirus infection. The identification of
arenaviruses in several hosts from the Praomys group and
Mus genus suggests that the Old World arenaviruses were
already present in the common ancestor of these rodents
(distributed both in Eurasia and Africa between 14 and 10 Ma[million years ago]; Denys, 1999). It appears from rodent
phylogenies that the Praomys group and Mus are closely
related (Steppan et al., 2005). Alternatively, the Old World
arenaviruses may have diversified in the Praomys group in
Africa, after the migration from Asia and during the
differentiation of the group between 9 Ma and now (Lecompte
et al., 2005). When Mus immigrated into Africa about 4–6 Ma
(Veyrunes et al., 2005), arenaviruses may have switched to this
new host, closely related to their natural hosts. The current
Fig. 2. Distribution of evolutionary distances upon pairwise comparison observed between Kodoko virus and other Old World and selected New World arenaviruses.
Distances were calculated from partial NP and L amino acid sequences. Genetic distance is reported on the x axis. Frequency of genetic distance is recorded on the y
axis. Groups I, II and III correspond to intraspecies, interspecies within Old World arenaviruses, and interspecies between Old World and the two representatives of
New World arenaviruses (PIR and PIC viruses), respectively. Striped bar represents distances observed between the two Kodoko sequences. Black bars represent
distances observed between Kodoko and LCMV sequences.
182 E. Lecompte et al. / Virology 364 (2007) 178–183diversity and distribution of Old World arenaviruses plead
for the second hypothesis, as most of the Old World arena-
viruses are distributed in the African Praomys group. However,
the phylogenetic pattern, with two independent clades favor
the hypothesis of a common ancestor Mus – Praomys group.
The identification of new arenaviruses in Africa, but also in
Asia may therefore allow to support or refute a particular
scenario.
Material and methods
RT–PCR and sequencing
Total RNA was extracted from wild trapped rodent's blood
(preserved in liquid nitrogen) with the Blood RNA kit (Peqlab,
Erlangen, Germany). A one-step reverse transcription–PCR
(RT–PCR) targeting a highly conserved region of the RNA
polymerase gene, shown to amplify diverse Lassa virus strains,
the African arenaviruses Mobala and Ippy and three strains of
the LCMV, was performed as previously established (Vieth et
al., in press). Double-stranded PCR products were purified
directly from the PCR products or from agarose gel using the
Qiaquick extraction kit (Qiagen) and sequenced on a MegaBace
1000 (Amersham Bioscience) in both forward and reverse
directions.
Additionally, a first round RT–PCR was performed with
primer ARE–EXT (CGCACCGRGGATCCTAGGC) targeting
the 19-nt sequences located at the 5′ and 3′ UTRs of both ge-
nomic RNA segment. Second-round PCR was performed with
primers 1817V_LCM (AIATGATGCAGTCCATGAGTGCA-
CA) and 2477C_LCM (TCAGGTGAAGGRTGGCCATACAT)
(Emonet et al., 2007) or LCM_NPR2 (AAyAAyCArTTyGGi-
ACnATGCC) and LCM_NPS2 (CiCCiGCyTTiACiGCnG-
CnCC) (detailed protocol is available on request). The latter
provided a 847-bp PCR product with KD42 whereas TA777 was
amplified by the first nested system and provided a 643-bp PCRproduct. Alignment of the two sequences showed that a 384-
nucleotide overlap which was used for further analysis.
Genetic analysis
The polymerase and nucleoprotein genes sequences of TA777
[EF179864; EF189586] and KD42 [EF179865; EF189587] were
compared to sequences corresponding to different strains of Old
World arenaviruses available in the GenBank database: Mobala
(3099) [AY693641], Ippy [AY363902], Mopeia (AN20410)
[AY772169], Mopeia (Mozambique) [DQ328875], Lassa (CSF)
[AY179174], Lassa (AV) [AY179171], Lassa (Josiah) [U63094],
LCM (Armstrong) [NC_004291], LCM (WE) [AF004519],
LCM (CH-5692) [AY363903] for the polymerase gene and
Mobala (Acar 3080) [AY342390], Ippy (Dak An B 188 d)
[DQ328877], Mopeia (AN20410) [AY772170], Mopeia
(Mozambique) [DQ328874], Lassa (CSF) [AF333969], Lassa
(AV) [AF246121], Lassa (Josiah) [NC_004296], LCM (Arm-
strong) [AY847350], LCM (WE) [M22138], LCM (CH-5692)
[AF325214] for the nucleoprotein gene. The New World
arenavirus Pirital (VAV-488) [NC_005897; AF277659] and
Pichinde (AN3739) [AF427517; NC_006447] were used as
outgroup in the polymerase and nucleoprotein gene phylogenetic
analyses.
The nucleotide and amino acid sequences were manually
aligned using the BioEdit software (Hall, 1999). Nucleotide and
amino acid sequences identities were calculated by the pairwise
distance algorithm (p-distance) with the MEGA version 3.1
software (Kumar et al., 2004). Phylograms were reconstructed
using the neighbor-joining algorithm using the MEGA 3.1
software. The robustness of the resulting branching patterns was
tested with the bootstrap method with 1000 replicates
(Felsenstein, 1985). The maximum likelihood (ML) analyses
were conducted with heuristic search (tree bisection –
reconnection branch-swapping – random stepwise addition
with 10 replicates) with PAUP 4.0b8 (Swofford, 1998). The
183E. Lecompte et al. / Virology 364 (2007) 178–183best-fitting model of sequence evolution used in the ML
analyses was estimated with ModelTest 3.06 (Posada and
Crandall, 1998).
Amino acid sequence diversity was calculated by pairwise
comparison using p-distance. Identities were then plotted on a
density histogram representing the distribution of evolutionary
distance (x axis) upon pairwise comparison (y axis) as
previously described (Charrel et al., 2001; Emonet et al., 2006).
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